Abstract
Introduction
The architecture of ornamental plants is important because it determines the organization of the plant and defines the properties of the plant-environment interface. It is also a determinant factor of the appearance of the plant, a key element of its commercial value. The modeling of ornamental plant architecture is therefore of great potential value. This study contributes to construct a model of the development of plant architecture in rosebushes, with a view to improving our understanding of the plasticity of plant architecture and, subsequently, predicting the architectural response to different light conditions. Light modulates several processes of great importance for the quality of rosebushes. Bud burst is influenced by light quality and intensity [1] [2] . Flower development is enhanced by a high photon flux density [1] [3] and a high red:far red ratio [3] , and stem length may be reduced [4] or increased [3] by increasing photon flux density. Light is perceived directly by buds [2] and shoot tips [5] . Estimations of the intensity and quality of light reaching specific rose organs is thus of great interest, but it is difficult to measure local light levels. The combination of a dynamic architectural plant model with a radiative transfer model simulating the distribution of light on plant organs could be used to analyze plant responses and to test hypotheses concerning these responses.
Models have already been developed to simulate the effect of growing conditions on the waves of flowering and the morphological quality of harvestable flowering shoots in cut-flower roses. In cut-flower roses the number of flowers produced is the most important variable. Only a few global variables are required to describe the visual quality of the flower, so models for these roses tend to describe architecture on the basis of stem length or diameter [6] [7] , or morphological quality classes [8] . Structural descriptions have been refined further in more mechanistic models [9] [10] , but only with a view to predicting the number of rose flowers more accurately. ROSEGRO [10] , for example, is a photosynthesisbased model that predicts the number of flowering shoots and their average weight and length as a function of the climatic conditions in the greenhouse. ROSEGRO considers cohorts of phytomers, assuming that all phytomers appearing within a given time interval have identical internode lengths and leaflet areas.
The development of rose architecture needs to be explicitly described as the commercial value of bush roses depends on plant shape in addition to flower production. The aim of this work was to acquire data on the dynamics of development and the final dimensions of the organs forming the primary shoot of the rosebush and to produce an organized description of these elements and of their relationships. These results present a general framework of primary shoot development that should be useful to develop an architectural model at the scale of the phytomer.
Materials and Methods
Roses (Rosa hybrida) of the 'Radrazz' cultivar, which grows as a bush, were grown in two experiments. One-node cuttings with 5-or 7-leaflet leaves were taken from cloned mother plants on 6 February and 25 April 2007, in experiments 1 and 2, respectively. Well-rooted cuttings were transferred to 1 liter pots on 7 March and 30 May 2007. Plants were grown in a glasshouse with one border row. Daylength was extended to 16 h using high-pressure sodium lamps. Mineral nutrition was provided by fertigation. Air temperature was measured above the canopy. Mean air temperature from bud emergence to sepal reflecting stage was 20.3±4.0 and 21.7±3.4°C in experiments 1 and 2, respectively. Thermal time was calculated from minimum and maximum daily values, with a base temperature of 2.1°C [11] .
Results were obtained for the primary axis. Phytomers were numbered from the base to the top of the axis, and the peduncle was counted separately. Only phytomers with extended internodes, exceeding the threshold length of 1 mm, were counted. We use the definition of "phytomer" provided by Rutishauser [12] , according to which a phytomer consists of an internode, the leaf at the top of the internode and its axillary bud.
Plants were monitored nondestructively three times per week in experiment 1 and five times per week in experiment 2. We assessed developmental stages: bud emergence, the presence of a visible flower bud, visible color of petals and sepal reflecting. The number of phytomers per shoot and the number of leaflets per leaf were counted. In experiment 1, we randomly selected three plants for dissection, three times per week, from 27 March to 3 May. The lengths and widths of the leaflets and of the leaf were measured, together with stipule length (Fig. 1) , at four positions on the stem corresponding to the basal and apical 5-leaflet leaves, median 7-leaflet leaf and apical 3-leaflet leaf. The leaflets were named A to D, as described in Fig. 1 . In experiment 2, we measured the lengths of the terminal leaflet (A-leaflet) and internode with a ruler, from the day on which they appeared until they reached their final size, for each phytomer of 33 plants.
Another experiment carried out in the same compartment of the glasshouse at the same time as Exp. 2 showed that taking regular measurements of Aleaflet length reduced final internode length by 14%, but had no effect on A-leaflet length (Morel, personal communication), suggesting a possible effect of thigmomorphogenesis in Exp. 2.
Results

Distribution of number of leaflets per leaf along the axis
The number of phytomers per axis varied considerably within each experiment, from 6 to 12 in Exp. 1 and from 8 to 13 in Exp. 2, not including the peduncle. Axes with 11 phytomers were the most frequent in both experiments (28% and 37% of the plants in experiments 1 and 2, respectively).
The leaves had between 0 and 8 leaflets. Leaves with no leaflets were reduced to a stipule. This was the case at the base of the stem. For 11-phytomer plants, the most frequent number of leaflets per leaf increased progressively up the axis, from 0 at the base to 5 and then 7 at rank 7 ( Fig. 2) . From rank 8, the most frequent number of leaflets per leaf progressively decreased to 5 and then 3. At rank 11, 30% of the leaves had 1 leaflet. Most of the leaves (92.3%) had an odd number of leaflets or were reduced to a stipule. When present, leaves with an even number of leaflets were positioned so that their leaflet number was the leaves on rank 4 had five leaflets, regardless of the number of phytomers per axis. The rank at which mean leaflet number peak was about 2/3 the total number of phytomers, starting from the base, for all curves. The maximum number of leaflets per leaf was strongly correlated with the number of phytomers per axis (R S =0.60, n=125, P<0.0001), increasing from 5.1 in 8-phytomer axes to 7.0 in 12-phytomer axes, according to the proportion of 5-and 7-leaflet leaves. The mean number of leaflets of the apical leaf did not vary with the number of phytomers per axis.
Allometric relationships between all leaf dimensions and the length of the A-leaflet
Highly significant linear relationships linked the length of the A-leaflet with the lengths of the leaf, and of leaflets B, C and D (Tab. 1). Similarly, A-leaflet length was linearly related to the widths of the leaf, and of leaflets A, B, C and D. These relationships were weaker for the dimensions of the D-leaflets than for those of the other leaflets. Some of these relationships varied slightly with the number of leaflets per leaf. Stipule length was approximately constant from the time at which the stipule first became visible, at 1.01 ± 0.04 cm, for all leaf types. If required in modeling approaches, all regression constants can be forced to zero (R² between 0.96 and 0.99, data not shown), to reduce the number of parameters required to estimate leaf shape.
Extension of internodes and leaflets
The extension of internodes and A-leaflets (terminal leaflets) was studied on plants with 11 phytomers in experiment 2 (n=14 plants). For each plant, thermal time 0 was considered to be the time at which the peduncle was 1 cm long. This gave us a time origin related to the process of organ extension. The time at which the peduncle was 1 cm long was estimated by fitting a linear-plateau model to individual peduncle elongation curves against thermal time since bud emergence (r²=0.991 to 0.999, with n=12 to 17, depending on the plant). The peduncle was studied because it gave a very good fit as it was longer than any other internode. Fig. 4 shows a plot of A-leaflet and internode lengths divided by final length (normalized length) against thermal time, for phytomer 9 as an example. Final length varied between plants, from 6.1 to 7.3 cm for the A-leaflet at rank 9 and from 2.0 to 4.0 cm for internode 9. However, the time course of normalized length was similar for all plants, but with different time lags between plants. Thus, differences in final length between plants were due to differences in extension rates rather than differences in the duration of extension. This applied to all phytomers (data not shown for phytomers other than 9).
For each phytomer rank, all 11-phytomer plants were pooled together and curves of average A-leaflet and internode lengths against thermal time were fitted with a two-phase model, consisting of a linear phase followed by a plateau, as described in [13] . In cases in which final size varied significantly with leaflet number, only the data obtained for plants with the most frequent leaflet number were used. Internodes were systematically shorter and had shorter durations of extension and slower rates of extension than the Aleaflets of the same phytomer (Fig. 5) . Elongation of A-leaflets and internodes, but not of the peduncle, was complete when the flower bud of the primary axis reached the visible color of petals (VCP) stage. Aleaflet extension began at almost the same time as extension of the internode from the same phytomer (Fig. 6) . Furthermore, A-leaflet extension ended at about the same time as extension of the internode of the phytomer immediately above (Fig. 6) .
Duration of the rapid extension phase, extension rate and final length, estimated from the fitted growth curves, are plotted against phytomer rank in Fig. 7 . For A-leaflets, extension rate and final length differed considerably between phytomers (Fig. 7a) , whereas the duration of the rapid extension phase was almost identical (Fig. 7b) . Plots of the rate of A-leaflet extension during the linear phase and the final length of this leaflet plotted against phytomer rank followed a similar pattern (Fig. 7a) : a sharp increase between ranks 3 and 5, and then a moderate increase to the top. Thus, differences in the final length of A-leaflets between phytomers resulted essentially from differences in extension rate rather than from differences in the duration of the extension phase.
Internode extension rate and final length followed similar patterns when these data were plotted against phytomer rank (Fig. 7c) : an increase from rank 1 to 9 followed by a sharp decrease between ranks 9 and 11. The extension rate and final length of the peduncle were much greater than for any internode. The duration of the rapid extension phase increased from phytomers 1 to 5, was approximately stable for phytomers 6 to 9, increased moderately for phytomers 10 and 11 and sharply for the peduncle (Fig. 7d) . Thus, differences in internode and peduncle final lengths between phytomers resulted from differences in the rate and duration of extension, except for the differences between phytomers 6 to 9, which were due solely to differences in extension rate.
Discussion, conclusion
The total number of phytomers on the main stem varied considerably between plants, despite the genetically identical nature of the plants studied (clones) and the selection of cuttings to limit variability. Similarly high levels of variability have been reported in other experiments [14] and may result from differences in leaf area between cuttings [7] . The variability of phytomer number leads to variability in the distribution of the different types of leaves along the axis and complicated architectural analysis. We therefore selected 11-phytomer plants for some aspects of this study.
The number of leaflets per leaf changed along the primary shoot in a well organized acropetal sequence: leaves were simple stipules at the base of the axis, with the number of leaflets gradually increasing to 5 or 7 in the median zone, and then decreasing to 3, 2 or 1 at the top of the axis. This general pattern is common to many species and rose varieties, but with some variability [15] . In a dynamic model, it is important to describe this pattern for the simulation of leaf area. In our experiments, knowing the final number of phytomers, the mean number of leaflets per leaf could be described with a small number of parameters.
The compound nature of rose leaves and variability in the number of leaflets per leaf made it necessary to establish allometric relationships for individual leaf components, facilitating description of the leaf with only a small number of parameters. We were able to estimate the shape of a leaf at any stage of growth, from the number of leaflets and the length of the Aleaflet, using a single set of parameters.
Studies on various species have reported that extension of leaves and internodes starts with an exponential phase, (e.g. [16] [17] [18] [19] ). This is very likely the case in rose and was actually suggested in some of our data (not shown). However, the length reached at the end of the exponential phase is short, and given the time interval between successive measurements in our experiment, it was possible to identify such exponential phase only for a few phytomers. We therefore used a linear-plateau model that allowed to keep a consistent set of parameters to describe the whole series of phytomers [13] .
Differences in final A-leaflet length between phytomer ranks were linked to differences in extension rates, with the duration of extension similar for all phytomer ranks. Similar results have been reported for wheat [16] , but the duration of expansion has been found to differ between phytomers in other species, such as sunflower [17] and maize [18] . Internodes behaved differently, as the differences in final length between phytomers resulted from differences in both the rate and duration of extension for internodes 1 to 5 and 10 to peduncle, and differences in extension rate only for internodes 6 to 9. A difference in behavior between lower and upper internodes was also observed for maize [19] .
Differences between plants in the final lengths of both the A-leaflet and the internode for phytomer 9 were linked to differences in the rate of extension, in the absence of a difference in the duration of extension. This was demonstrated for phytomer 9 but appeared to be a general feature in our experiment. This stability of the duration of extension should be evaluated over a range of growth conditions. If confirmed, it would greatly simplify model development, as we would then need to take into account only variations of the rate of extension, without needing to consider variations of the duration of extension. Models of the dynamics of architecture development in roses should be parameterized using the series of 2-phase models of internode and terminal leaflet growth curves against phytomer rank. Coordination between the extension phases of the Aleaflets and internodes may optimize parameterization of the dates on which extension starts and stops for successive A-leaflets and internodes along the axis, thereby simplifying the model. The stability of the coordination of A-leaflet and internode extension should be assessed over a range of growing conditions and genotypes.
As the visual appearance of a rosebush depends on the number and rank of lateral shoots, we will also study the lateral shoots: at what phytomer rank and when do buds burst? To what extent is the pattern described here modified in lateral shoots?
In conclusion, this work provides a global framework for the development of plant architecture for the primary shoots of rosebushes. It constitutes a solid basis for the establishment of a virtual plant model. This framework has two main types of application. Firstly, it defines a grid for analyzing the response of rose phenotypic development to environment, genotype and genotype × environment interactions. Secondly, the implementation of the virtual plant model and its coupling with a radiative transfer model [20] should make it possible to simulate light distribution over plant organs and to test hypotheses concerning plant responses.
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